A generic approach for deploying various types of synthetic nanomaterials, including single-walled carbon nanotubes and nanoparticles, at well-defined locations on substrates is presented. The assembly is achieved through the complementary design of the stationary and carrier phases and utilizes the dewetting process during which polymer-encapsulated nanomaterials are delivered and positioned on predefined locations of substrates. Covalent modification of the nano-objects is not required for the building block positioning, therefore, preserving their intrinsic chemical and physical properties. The potency of this new approach is demonstrated for various synthetic nanomaterials, such as polystyrene, silica, and gold nanoparticles as well as single-walled carbon nanotubes, showing highly specific and direct patterning of cm 2 areas using a generic assembly strategy.
Nanoscale materials have been the subject of major scientific and technological breakthrough in the past decade. The remarkable advancements in synthetic methods of nanomaterials have resulted in vast diversity of readily accessible materials with highly controlled composition and dimensions. Current approaches for patterning surfaces with nanosized objects include geometrical confinement, well formation techniques, utilization of specific covalent and noncovalent chemical surface interactions, capillary interactions, soft lithography, electrostatic assembly, and more. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] However, more progress is still needed for uniform, large-scale, and selective deployment of nano-objects of different materials and aspect ratios. Here, we present a highly generic approach for directly deploying various types of synthetic nanomaterial building blocks at well-defined locations on substrates by surface energy engineering. Rather than focusing on the nanomaterial and substrate interactions which are highly material dependent, we have exploited a polymer-assisted route for generic delivery and positioning of various nanomaterials on substrates.
Our approach aims at the complementary design of the stationary phase (chemically patterned substrate) and the carrier phase (block copolymer aqueous-alcohol solution containing the nanomaterials) that guide the assembly of the nanomaterials during the dewetting process ( Figure 1) . We demonstrate the selective and direct positioning of various nanoparticles, including polystyrene, silica, and gold, as well as single-walled carbon nanotubes (SWNTs) using a similar condition. The nanomaterial is selectively distributed and positioned on the stationary phase by spontaneous dewetting of the carrier phase. Nanomaterial attachment is polymerassisted by noncovalent interactions at the chemically modified regions of the substrates. Our method does not require covalent chemical surface modification of the nanomaterials, therefore, preserving their intrinsic physical and chemical properties. Furthermore, the assembled materials are not exposed to the resist lift-off process which may degrade or contaminate certain molecular-scale structures. The potency of this approach is demonstrated as equal treatment of various synthetic nanomaterials results in highly specific and direct patterning of cm 2 areas.
The stationary phase consisted of a silicon (100) substrate with 50 nm thermal oxide layer that was chemically patterned by well-established siloxane-based condensation chemistry 14, 15 and standard lithographic techniques to define hydroxyl-terminated (bis(2-hydroxyethyl)-(3-aminopropyl)-triethoxysilane, HEA) and fluoro-terminated ((heptadecafluoro-1,1,2,2-tetrahydrodecyl)dimethylchlorosilane, HDF) regions ( Figure 1a and Supporting Information). As-received gold, silica, and polystyrene nanoparticles and SWNTs (arcdischarge) were used to prepare aqueous-methanol (1:1 v/v) solutions containing the water-soluble triblock copolymer (Pluronic F-127) as the dispersing mediator. To achieve deployment of the nano-objects, the carrier phase containing the respective nanomaterials was retracted swiftly with a pipet (Figure 1b ) from a vial containing the chemically patterned substrate. Once the liquid level declined below the substrate surface, spontaneous and rapid dewetting of the solution phase from the highly hydrophobic HDF modified regions occurred. Notably, the dewetting occurred for the entire chip in a subsecond time scale, with the vial still retaining the vapor-liquid equilibrium. Thus, simple liquid evaporation can be excluded as the driving force for the nanomaterial deposition. 16, 17 The gold (30 nm), silica (50 nm), and polystyrene (50 nm) particles show highly selective positioning at the HEA-modified areas with almost no particles assembled at the HDF modified regions (Figure 2 ). Uniform results are achieved over large scales as evident from the dark field optical microscope image (Figure 2a) . The dewetting induced forces direct the polymer-encapsulated particles to the patterned hydroxyl-functionalized areas with various shapes and dimensions ranging from ∼200 nm to 10 µm (Figure 2b-f) . Notably, the nanoparticles were assembled without any significant multilayer aggregation (Figure 2c ,d,f). These results are distinct from the nanoparticle assembly attained by liquid evaporation mechanisms where nanoparticle-nanoparticle and capillary interactions lead to multilayer aggregation and ordered pattern formation. 3,11b,16,17 To exhibit the role of polymer interactions in the dewetting process, we performed quantitative nanoparticle assembly experiments with unmodified silica nanoparticles for various particle and polymer concentrations ( Figure 3 ). When the dewetting process is conducted without the use of F-127 polymer, almost no nanoparticle (NP) assembly (<0.01 NP/ µm 2 ) is observed even for very high nanoparticle solution concentrations (Figure 3a ,c). This is in distinct difference with the dewetting process that is conducted under the exact same conditions but with the addition of F-127 polymer to the carrier phase. In this case, a dense monolayer of nanoparticles (∼100 NP/µm 2 ) is selectively assembled at the hydroxyl-terminated regions (Figure 3b ). This clearly demonstrates that the direct chemical interactions between the unmodified silica nanoparticles and the hydroxyl-terminated surfaces are very weak and not adequate for collecting the particles from the solution phase under these conditions. Therefore, the assembly can only be achieved when Pluronic F-127, which is an amphiphilic block copolymer with well- After the dewetting process, the nano-objects from the carrier phase are directly and selectively assembled on hydroxyl-terminated regions while leaving the fluoro-terminated regions blank. (b) To achieve the dewetting process, the carrier phase containing the nanomaterials and the triblock F-127 polymer is swiftly retracted by a pipet from a vial until the liquid level drops below the surface of the substrate. At this point, rapid and spontaneous deployment of the nano-objects to the predefined hydroxyl-terminated regions is achieved. 22 The quantitative trend for the nanoparticle solution concentration versus surface density for three different polymer concentrations is shown in Figure 3c which further shows the key role of the F-127 polymer in guided assembly of the silica particles. While almost no nanoparticle is assembled without the polymer in the carrier phase, at relatively low polymer concentrations (0.02%) the assembled nanoparticle surface density approaches saturation level of ∼40 NP/µm 2 (submonolayer) at a solution concentration of ∼10 13 NP/ mL, and further increase in nanoparticle solution concentration does not yield a higher surface density. Increasing the polymer concentration from 0.02 to 0.20% results in monotonic increase in the nanoparticle surface density with the nanoparticle solution concentration for the entire range of particle concentrations that were studied, enabling a density of ∼ 90 NP/µm 2 for ∼3 × 10 13 NP/mL. Notably, at low nanoparticle solution concentrations, no significant difference is observed for the two polymer concentrations. This trend shows that while for the low nanoparticle solution concentrations (<10 13 NP/mL), the system is nanoparticle limited for both 0.2% and 0.02% polymer concentrations, at high nanoparticle concentrations (>10 13 NP/mL), the assembly is polymer-limited for the 0.02% F-127 solution. Therefore, the assembly density is well controlled, and the nanoparticle surface density can be tuned by nanoparticle solution concentration as well as the polymer concentration. It is possible to tune the assembly process for attaining the desired surface density by employing a surface density calibration curve, as depicted in Figure 3c , for any specific nanomaterial. Such fine controllability is useful for various applications where different surface densities are highly desired.
Beside the triblock polymer, the solvent plays a critical role in the outcome of the dewetting process. The wateralcohol solution ratio was found to drastically influence the assembly yield of the nanomaterials. For instance, increasing the water content from the optimal 1:1 aqueous-methanol mixture resulted in less effective positioning of the gold nanoparticles with lower density and selectivity. This may be attributed to the enhancement of the H-bond capacity of the solvent as the water content is increased, resulting in stronger solvent interactions with both the polar PEO polymer groups and the OH functional groups at the HEAmodified surfaces. As a result, the effective polymersubstrate interactions are overwhelmed by the solvent interactions, therefore, hampering the direct and selective positioning of the nanomaterials.
To further demonstrate the generality of the approach, we utilized stable aqueous solutions of SWNTs. The steric stabilization mechanism of Pluronic polymers have been previously reported for SWNTs. [18] [19] [20] [21] Figure 4 presents the SWNT deployment results having similar characteristics to the nanoparticle assembly using a nearly identical process. This result further demonstrates the generality of our approach of aiming at the carrier phase to stationary phase pairing rather than aiming at the nanomaterials-surface interactions directly. Notably, many approaches that are useful for selective nanoparticle positioning and assembly are not well-suited for nano-objects with high aspect ratio such as nanowires and nanotubes. This is in part because interactions scale differently for nanoscale spherical materials and wirelike structures with nanoscale diameters and microscale lengths. 23, 24 It is important to note that the triblock copolymer aqueous-methanol solution containing the nanoobjects constitutes a complex system with versatile thermodynamic characteristics. Pluronic polymers contain covalently bonded and mutually incompatible moieties. As a result, their aqueous solutions are known to have a wide range of thermodynamically and dynamically accessible states involving micelles, vesicles, and gel phases. 25, 26 Interestingly, although the polymer solution stabilization mechanism details may vary for the different nano-object solutions studied here, the highly selective positioning of the assembled nano-objects without significant aggregation is retained for all materials using the same generic process. The detailed study of such phases and their exact role in the context of the direct nanomaterial selective positioning is currently in progress. Understanding the dynamic nature of these processes is expected to further generalize the application of this complex and yet versatile system.
While the selective nanotube assembly attests to the versatility and generic nature of our polymer-guided assembly strategy, the lack of order in the positioning of the nanotubes presents a disadvantage over certain previously explored routes, such as the nanoaffinity template method. 1a However, in the future, single nanotube or nanoparticle positioning may be possible to achieve by scaling down the dimensions of the HEA-modified regions of the substrate which can further enhance the control over orientation and alignment. A unique feature of our approach as compared to most other assembly strategies 1-13 is its highly generic nature, making it compatible with a wide range of nanostructured materials, regardless of their geometry and composition. This is achieved as we have exploited a novel polymer-assisted route for encapsulation and deployment of the nanomaterials without focusing on the commonly incorporated nanomaterials-substrate interactions which are highly material dependent. Another key feature of our work is the ability to readily achieve direct nanomaterial assembly with tunable densities, as shown for 50 nm nanoparticles, with the maximum density approaching ∼100 NP/µm 2 (∼25% surface coverage), without any significant aggregation arising from the polymer stabilization of the nanomaterials. Furthermore, our strategy may present a novel avenue for direct assembly of organic and biological nanomaterials that are not compatible with processes involving postassembly lift-off process, such as the geometric confinement method. 3 In summary, we have presented a novel and generic strategy that enables selective positioning of various types of synthetic nanomaterials of different geometry and composition, such as nanoparticles and SWNTs, at predefined locations on the substrate, without aggregation and at large scales. The assembly is achieved through the chemical design of the stationary and carrier phases, and utilizes the dewetting interactions. Importantly, covalent modification of the nanoobjects is not required for the process. 
